Abstract. Acute myeloid leukemia (AML) is a heterogenic hematological malignancy with pathogenesis that has yet to be elucidated. MicroRNAs (miRNAs) and transcription factors (TFs) are two major regulators of gene expression, which may play important roles in the etiology of AML. However, the global regulation of gene expression in AML, involving miRNAs and TFs, still remains elusive. To characterize the global role of miRNAs and TFs in AML pathogenesis, large scale expression profiling of miRNA and TF was performed using miRNA sequencing and TF array technology, respectively, and validated by qPCR. In the present study, 308 miRNAs and 84 TFs were identified to be differentially expressed (fold-change ≥2.0) in AML samples relative to their controls. After integrating the expression profiling data into bioinformatic analysis, we identified 1,462 miRNA-gene pairs, 982 TF-gene pairs and 296 TF-miRNA pairs. By merging these regulatory relations together, we constructed a comprehensive AML-specific miRNA-TF regulatory network. In this network, we identified 22 hub miRNAs and 11 hub TFs. KEGG pathway analysis showed that the network nodes were significantly enriched in 33 different pathways, of which the AML pathway was the most significant. After analyzing the topology of the subnetwork, we propose that TCF3 was a potential key regulator in this regulatory network. In conclusion, this is the first study perform on global expression profiling of miRNAs and TFs relating to AML. These results may enhance our understanding of the molecular mechanisms underlying AML and provide potential targets for future therapeutics.
Introduction
Acute myeloid leukemia (AML) is an aggressive hematological malignancy accounting for ~80% of all adult leukemia cases, and encompasses 15-20% of leukemia cases in children (1, 2) . It is estimated that nearly 15% of mortality among patients with hematologic malignancy were attributed to AML (3) , and more than 13,000 new cases were diagnosed each year in the USA (4), thus, making AML a major cause of hematologic disorders. AML is usually characterized by malignant clonal proliferation of hematopoietic stem cells and progenitors (blasts) in the bone marrow with the complete or partial blockage at different stages of myeloid differentiation (1, 2) . Despite advances in chemotherapy and hematopoietic stem cell transplantation, the outcome of AML patients have not improved substantially in the last four decades, with an overall 5-year survival rate of ~25% (1, 2, 5) . Relapse occurs frequently, as ~50-70% of AML patients who achieve complete remission within three years after frontline therapy (2) . Among these relapsed patients, only one-third are salvageable with current treatment regimens (5) . Therefore, it is urgently needed to search for new therapeutic targets for AML. Securing further advances in therapy is dependent on our increasing understanding of the factors and molecular mechanisms of leukemogenesis in AML. Currently, insight into the pathogenesis of AML has largely come from the investigations of cytogenetic abnormalities and molecular genetic mutations. Many chromosomal structural aberrations and somatic mutations have been identified, which include rearrangements of RUNX1-RNNX1T1, CBFB-MYH11, PML-RARA and MLL gene (6) , mutations of CEBPA, NPM1, FLT3, DNMT3A, TET2, IDH1/2 and ASXL1 gene (1, 7, 8) .
Molecular dysfunctions in acute myeloid leukemia revealed by integrated analysis of microRNA and transcription factor
Despite the pathological role and prognostic implications of these genes have been well elucidated, understanding of the multistep pathogenesis of AML remains limited. specifically, the regulatory networks of AML gene expression are still unclear. miRNAs are small non-protein coding RNA molecules of ~19-25 nucleotides that mediate post-transcriptional regulation of gene expression level (9) . Pri-miRNAs are transcribed by RNA polymerase II and subsequently processed by the Drosha-DGCR8 enzyme complex in the nucleus to form ~70 nt hairpin pre-miRNAs. Finally, pre-miRNAs were cleaved in the cytoplasm by the endoribonuclease Dicer to yield mature miRNAs. The mature miRNA may bind to the 3'-UTR of target mRNAs through its seed region, which leads to mRNA degradation or inhibition of translation (10) . miRNAs play important roles in a variety of biological processes and are implicated in the initiation and progression of many types of human cancers, including AML (11, 12) . It has been reported that ectopic expression of miR-29a would induce hematopoietic stem cells/progenitors progresses to AML in a mouse model (13) . High expression of miR-100 and miR-375 was found in pediatric AML patients, which were correlated with poorer relapse-free and overall survival (14, 15) . miR-193a expression is downregulated in AML1/ETO-positive leukemia cells, suppression of miR193a expands the oncogenic activity of the fusion protein AML1-ETO involving a feedback circuitry in miR-193a and AML1-ETO/DNMTs/HDACs (16) . Recently, increased miR181a expression was shown to be associated with improved prognosis in cytogenetically normal AML. In xenograft mouse models of AML, ectopic miR-181a expression inhibits tumor growth (17) . Although the aberrant expression and molecular function of AML-related miRNAs were reported in these investigations, the global miRNA regulatory network in AML remains unknown.
TFs are trans-acting protein factors that control the transcription of target genes through specifically binding to the TFBS located within promoter region of target genes (18) . As two major types of regulators of gene expression, TFs and miRNAs are able to tightly coordinate to ensure precise and accurate gene expression. TF and miRNA may reciprocally regulate one another and both can regulate the expression of target genes in a combinatorial manner (18, 19) . It has been reported that miR-223 and transcription factor E2F1 regulate each other to form negative feedback loop in AML (20) . Furthermore, transcription factor C/EBPα can exert its effects by inducing miR-30c inactivating the Notch1 protein and enhancing granulocytic differentiation in AML (21) . Nevertheless, global regulation of gene expression involved in the TFs and miRNAs in AML are still poorly understood. Therefore, integrated analysis correlating changes in the expression patterns of miRNAs and TFs, as it relates to AML pathogenesis, requires examination.
In the present study, we analyzed miRNA and TF expression profiles in bone marrow samples of AML patients and control groups, utilizing miRNA sequencing and TF array technology, respectively. Based on a combined strategy of the target prediction of miRNAs and TFs, we integrated differentially expressed miRNAs, AML candidate genes and differentially expressed TFs to construct a comprehensive miRNA-TF mediated regulatory network specifically for AML. GO and pathway analysis was performed to determine associated functions and signaling pathway of the network nodes. After calculating the number of the node degree, we found some hub miRNAs and TFs, and further investigated their regulation in the subnetwork. Our results demonstrate that the altered expression levels of miRNAs and TFs may have implications in AML pathogenesis, and that integrative analysis of miRNAs and TFs may provide a new foundation for molecularly targeted therapy of AML in the future.
Materials and methods

Patient samples and ethics statement.
A total of 25 bone marrow biopsy samples, including 15 patients with newly diagnosed and untreated AML and 10 age-matched controls, were enrolled in the study. The AML samples were collected at Shenzhen People's Hospital (Shenzhen, China) before any chemo-or radiotherapeutic treatment. Diagnosis and classification of AML were determined according to the French-American-British classification system (22, 23) . To serve as controls, the samples with normal bone marrow morphology were provided from 10 patients with unexplained anemia or fever by the Affiliated Hospital of Guangdong Medical University (Zhanjiang, China). All the clinical characteristics of AML patients and controls are shown in Table I . The study was carried out according to the Helsinki convention criteria and approved by the ethics committee of the shenzhen people's Hospital and the Affiliated Hospital of Guangdong Medical University. Written informed consent to use biological samples and clinical data was obtained from patients or their parents. After sequencing, image analysis and base calling were carried out using Off-Line Basecaller software (version V1.8.0; Illumina). The low quality reads were removed from raw sequencing reads by Solexa CHASTITY quality control filter. subsequently, 3' adapter sequences were deleted from clean reads and the reads that were shorter than 15 nt were excluded from further analysis. To identify miRNAs, the 3'-adapter-trimmed-reads were aligned to known human premiRNAs in the miRBase database (Release 19.0, http://www. mirbase.org/) using Novoalign software (Version v2.07.11, http://www.novocraft.com/) with at most one mismatch. In order to correct for the difference in read counts between samples, the read counts per miRNA in each sample were normalized to tpm (the clone number of transcripts per million based on the sum number of reads aligned to known human pre-miRNAs in miRBase 19.0). Differentially expressed miRNAs may be identified by a fold-change filtering. The threshold is fold-change ≥2.0 (Based on the normalized most abundant tag counts).
Transcription factor/DNA array and computational analysis. The transcription factor/DNA array analysis was carried out using TranSignal™ Protein/DNA Combo Arrays (Panomics, Redwood City, CA, USA) following the protocols provided by the manufacturer, which included 345 major transcription factors. Briefly, nuclear proteins were extracted using the Panomics nuclear extract kit (Panomics) and protein concentrations were determined by BCA protein assay kit (Kangchen Bio-Tech Inc., shanghai, china). Nuclear extract (10 µg) were incubated with 10 µl of biotin-labelled DNA binding oligonucleotides (TranSignal™ Probe Mix) for 30 min at 15˚c to allow the formation of transcription factor/ DNA complexes. Such complexes were isolated from the free probes by spin column separation system (Panomics). The bound DNA probes were extracted, denatured and hybridized to oligonucleotides (representing 345 consensus binding sequences for TFs) on TransSignal array membrane at 42˚c overnight. subsequently, the blots were washed and incubated with HRP and HRP substrate working solution (Millipore, Billerica, MA, usA), and exposed to Hyperfilm ECL (Amersham Pharmacia Biotech, Uppsala, Sweden). Hybridization signals were detected using GBoX Imaging system (syngene, cambridge, uK), and quantitative analysis of the resulting spots were performed using the ScanAlyze software (version 1.0.3, http://graphics.stanford.edu/software/ scanalyze/). Any spot showing at least 2-fold increase or decrease is considered significant.
Quantitative PCR. Total RNA from each sample was reverse transcribed to generate cDNA with gene-specific primer (for miRNAs) and oligo dT primer (for TFs) using a Superscript™ III reverse transcriptase kit (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. QPCR was carried out in a total reaction volume of 10 µl, including 2 µl of template cDNA, 5 µl of 2X SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 0.5 µl of PCR forward primer (10 µM), 0.5 µl of PCR reverse primer (10 µM) and 2 µl of double-distilled water. The reactions were incubated at 95˚c for 10 min, followed by 40 cycles at 95˚c for 10 sec, 60˚c for 60 sec. All reactions were run in triplicate. After PCR amplification, melt curve analysis was carried out to determine the reaction specificity. Human u6 snRNA and 18S rRNA was used to normalize the expression levels of miRNAs and TFs, respectively. Expression fold-changes were calculated using the 2 -∆∆Ct method (24) . The differences in gene expression levels between AML samples and controls were compared using the student's t-test. statistical significance was set at P<0.05. All primers used in cDNA synthesis and qPCR are shown in Tables II, III and IV. (25, 26) . To decrease the number of false-positive results, we integrated the predicted targets from miRanda, TargetScan and PicTar based on sequence complementarity, evolutionary conservation and free energy of RNA duplexes, which predicted by at least two of three databases were accepted as positive (25) . (TFs were treated as genes when predicting miRNA→TF regulatory relations). Subsequently, we merged the results with experimentally validated miRNA targets from miRTarBase.
Combined AML candidate genes with miRNA target prediction. To avoid the redundancy, AML-associated genes were obtained from the MalaCards database (version 1.08.564, http://www.malacards.org/, Malacards ID: LKM061) (27) and overlapped with the predicted miRNA targets above to form a miRNA→gene regulatory relations. The extracted miRNA and target gene pairs were then subjected to transcription factor binding site (TFBS) analysis.
TFBS prediction for different expression miRNAs and its pair target genes.
To retrieve predicted TFBS information, We utilized the data underlying the TFBS Conserved Track (http:// genome.ucsc.edu/cgi-bin/hgTables?hgsid=350051003&hgta_ doSchema Db=hg19&hgta_doSchemaTable=tfbsConsFactors) at the UCSC Genome Browser (28) . These binding sites are conserved across the human/mouse/rat alignment. To further reduce the false-positive prediction, P-value of 0.05 was used as a cut-off for high-quality TFBss. A gene is identified as the target of a TF if at least one TFBS is located in the gene's promoter region (5,000 bp upstream and 1,000 bp downstream of the TSS) and its P-value was <0.05. miRNA overlaps with a known host transcript (mRNA/lncRNA) and serve as a part of the same transcription unit. Therefore, the promoter for this specific transcript is used as the miRNA promoter. We identified the target miRNAs of the TFs by using the same approach as for protein-coding genes and lncRNAs. A miRNA is regarded as the target of a TF if at least one TFBS falls within the TSS region (from 5,000 bp upstream to 1,000 bp downstream) of the host gene or lncRNA and its P-value was <0.05.
Combined differentially expressed TFs with TFBS prediction.
To further increase the accuracy of TFBS prediction, differentially expressed TFs (fold-change, ≥2.0) were overlapped with the predicted TFs above. Subsequently, we extracted TFs and miRNA pairs, TFs and miRNA target genes pairs to form TF→miRNA and TF→gene regulatory relations, respectively.
miRNA-TF regulatory network construction and network node analysis. The TF→miRNA and TF→gene interactions were incorporated into miRNA→gene interactions to construct a comprehensive miRNA-TF mediated regulatory network, which was visualized using Gephi software (version 0.8.1-beta, http://gephi.github.io/). For further network functional TGcTGTGGTcAGAAGGAATG  165  NR2F1  ATCGAGAGCCTGCAGGAGAA  CTACCAAACGGACGAAGAAGAG  163  FOXO1  GCAACTACAGCCAAAATCAC  TCAGAGAGCTACCAAGGATTC  152  FOXL1  TGAGGTTTGATGGCAGGAAT  GATTTTCGTTGCAGACCTCTTC  171  TFAP2A  TTGGGTACGTGTGCGAAA  TCTGTTTTGTAGCCAGGAGCAT  120  18S rRNA  CCTGGATACCGCAGCTAGGA  GCGGCGCAATACGAATGCCCC  112 evaluation, GO analysis and KEGG pathway analysis were performed using the Functional Annotation Tool of DAVID database (version v6.7, http://david.abcc.ncifcrf.gov/) (29) to identify the functional categories enriched and pathways for the network nodes. GO term enrichment and the KEGG pathways utilized significant P-values (<0.05) relating to the nodes of miRNA-TF regulatory network. To assess network characteristics, the node degree is measured by the number of direct links of the node in the network. Nodes having a total degree ≥20 were defined as hub nodes inside the network. The subnetworks were then constructed by combining all the directly linked nodes for the hubs.
Statistical analysis. Statistical analyses were performed are presented as means ± standard deviation (SD). The using SPSS for Windows (version 13.0; SPSS, Inc.). All values statistical difference between means were analyzed by the Student's t-test and P-value <0.05 was considered significant.
Results
Aberrant miRNA and TF expression in AML.
To obtain AML-related miRNAs and TFs, we analyzed miRNA and TF expression profiles in bone marrow samples of AML patients and control groups, using miRNA sequencing and TF array technology, respectively. Among the miRNA transcripts examined, we found 308 miRNAs were differentially expressed (fold-change ≥2.0) in AML samples relative to their controls (Fig. 1A) , with 233 being upregulated, while 75 were downregulated. miR-206 (fold-change, 1144) was the most significantly upregulated miRNA, while miR-941 (fold-change, 184.2) was the most significantly downregulated miRNA.
The TF expression profiling data showed 84 TFs to be differentially expressed (fold-change ≥2.0) in AML samples relative to their controls (Fig. 1B) , with 76 upregulated, while 8 were downregulated. Among these TFs, PREB (foldchange, 25.9) showed the highest degree of upregulation, while HiNF-B (fold-change, 2.8) was the most downregulated TF.
Quantitative PCR validation. To validate the miRNA sequencing and TF array results, 6 differentially expressed miRNAs and 6 differentially expressed TFs were selected and analyzed via qPCR. For the miRNAs, the results demonstrated that miR-155-5p, miR-9-5p and miR-100-5p were upregulated and that miR-223-3p, miR-16-5p and miR-106b-5p were downregulated in the AML samples compared with control samples (P<0.05 for each miRNAs; Fig. 2A ). For the TFs, the expression of Myc, NFKB1, NR2F1, FOxO1, FOxL1 and TFAp2A showed statistically significant differences between the two Figure 3 . miRNA and TF regulatory network in AML. Red nodes, upregulated AML-related miRNAs; pink nodes, downregulated AML-related miRNAs; green nodes, AML candidate genes; blue nodes, TFs. Red arrows, regulatory relations for upregulated miRNA and target gene; pink arrows, regulatory relations for downregulated miRNA and target gene; blue arrows, regulatory relations for TF-miRNA or TF-gene. sets of bone marrow samples (all P<0.05; Fig. 2B ). These qPCR results were consistent with the miRNA sequencing and TF array data.
miRNA and TF regulatory network in AML.
The basic integrated regulatory network for miRNA and TF consists of three types of interactions: miRNA→gene (including miRNA→TF), TF→miRNA and TF→gene regulatory relations. After removing a few isolated nodes, we merged the three regulatory relations and constructed a miRNA-TF regulatory network for AML (Fig. 3) . The numbers of nodes and pairs in the network are listed in Table V . Among the AML-related miRNAs in the network, most of (117/173) them are upregulated. Moreover, there were three pairs of miRNA→gene regulatory relationships (miR-126-5p and miR-126-3p represses pLK2 and miR-17-5p represses RuNx1) that have been experimentally confirmed in AML (30, 31) . Two TFs (NFKB1 and Myc) in this network have been reportedly associated with the development of AML (32, 33) . NFKB1 and Myc transcriptionally suppressed miR-29b-3p expression by binding to its promoter, and MYC was confirmed as a transcriptional repressor of miR-15a-5p, which were in accord with the same TF→miRNA regulatory relationships in our network (34, 35) . As key regulators of gene expression, miRNAs and TFs may reciprocally regulate each other to form FBLs, or co-regulate the expression of the same targets to form FFLs (18) . In our miRNA-TF regulatory network, we identified 13 FBL and 1156 FFL motifs, reflecting the tight relationships between miRNAs and TFs in the network.
Biological functions of the miRNA-TF regulatory network.
To investigate the functional groupings of the miRNA-TF regulatory network in AML, we applied the DAVID database to classify the distinct network nodes according to their GO molecular function, cellular component and biological process terms (Fig. 4) . In the GO molecular function classification, a large proportion of nodes associated with binding, protein binding and nucleic acid binding (Fig. 4A) . The nodes related to cellular components were mainly located in the cell parts, cell and intracellular (Fig. 4B) . The GO biological processes classification showed that nodes were mainly involved in cellular process, metabolic process and biological regulation (Fig. 4C) . To ascertain which pathways are enriched in the network nodes, KEGG pathway analysis was also performed by using the DAVID database. The results indicate that the nodes were significantly enriched in 33 different pathways, of which the AML pathway was the most significant followed by the pathways in cancer and Jak-STAT signaling pathways (Table VI) . Among these pathways, 17 were related to hematopoiesis and leukemia. In addition, AML pathway, apoptosis pathway, Jak-STAT signaling pathway, MApK signaling pathway, Wnt signaling pathway, p53 signaling pathway, cell cycle pathway and ABC transporter pathway have been previously experimentally verified to be involved in AML (2, (36) (37) (38) (39) (40) (41) (42) .
Network hubs and subnetworks for hubs in the miRNA-TF regulatory network.
To ascertain which nodes potentially have the most influence on the overall behavior of the networks, we identified the hub nodes based on the highest total degrees inside the network. As shown in Tables VII and VIII, 22 miRNAs and 11 TFs were defined as hub nodes, which having a total degree ≥20. It is of interest that five of the 22 hub miRNAs belonged to the miR-15 family, namely miR-15a-5p/ miR-15b-5p/miR-16-5p/miR-424-5p/miR-195-5p (Table VII) , further indicating the important role of the miR-15 family in the regulatory network of AML. Notably, more than half of the 11 hub TFs were either notorious leukemia regulators, such as NFE2 (43) and MYC (33), or related to leukemia development and progression, such as NFKB1 (32), TcF3 (44), MAx (45) and FOxO1 (46) . These findings are a preliminary reflection on the robustness of our network. Among these hub nodes, two hub miRNAs (miR-15a-5p and miR-125b-5p) and two hub TFs (Myc and NFKB1) have been previously implicated in AML (12, 32, 33, 47) . To further investigate the regulation of the four hub nodes, we extracted their subnetworks by including all their directly linked nodes in the miRNA-TF regulatory network (Fig. 5) . The subnetwork analysis indicated that many pathways related to AML and other cancers (Table IX) , which suggested that miR-15a-5p, miR-125b-5p, Myc and NFKB1 were important in cancer development including AML. In addition, TCF3 stood out as a promising regulator and gene, which links to all the four subnetworks. As a TF, it regulates miR-125b-5p (Fig. 5B) and MYC (Fig. 5C) ; while in its capacity as a gene, it is regulated by miR-15a-5p (Fig. 5A) , Myc (Fig. 5c) and NFKB1 (Fig. 5D ). In particular, 17 predicted target genes (CEBPA, FLT3, STAT5A, RELA, sTAT5B, pIM1, spI1, RuNx1T1, LEF1, pIM2, KIT, Jup, NRAs, EIF4EBp1, KRAs, RARA and Myc) of TcF3 in the four subnetworks participated in the AML pathway. These analyses suggest that TCF3 may play an important role in the miRNA-TF regulatory network linked to AML.
Discussion
AML is the most common form of aggressive leukemia in adults (1,2). Despite extensive efforts to elucidate the cytogenetic and molecular genetic mechanisms involved in disease occurrence and development, the pathogenesis of AML is still not fully understood due to the heterogeneity and complexity of this disease. The genomic complexity makes it difficult to identify hub regulators or genes in the pathogenesis of AML. By integrating diverse data sources, systems biology approaches provide a powerful tool for exploring the interactions and searching for key regulators between disease candidate genes on the network level, which may help to explain key aspects of disease pathogenesis and leading to new candidates for the putative therapeutic targets (48) . As major regulators of gene expression, miRNAs and TFs can function as tumor suppressors or oncogenes in a cooperative way to control gene expression, which triggering global alterations of genetic programs are involved in cell proliferation, differentiation, development and apoptosis in multiple human cancers (18) . Ye et al (49) constructed a miRNA-TF regulatory network in T-cell acute lymphoblastic leukemia and demonstrated the roles of miR-19 (hub miRNA) and CYLD (hub gene) in the T-cell leukemogenesis. Therefore, understanding and applying regulatory network information for TF-miRNA-target genes could provide clues for key driver miRNAs and genes in human cancers and subsequently suggest novel therapeutic targets (50) .
In the present study, we applied miRNA sequencing and TF array technology to quantitatively analyze the differential expression profiles of miRNAs and TFs, respectively, in bone (Fig. 1) . The expression profiling data showed that 308 miRNAs and 84 TFs were differentially expressed (foldchange ≥2.0) in AML samples relative to their controls, with a subset of these findings further validated by qpcR (Fig. 2) . It is difficult to achieve by only direct experimental methods to systematically infer the comprehensive miRNA-TF regulatory network, which has promoted development of computational approaches. Therefore, we integrated expression profiling data of miRNAs and TFs, computational miRNA and TF target prediction, and AML candidate genes obtained from
MalaCards database to construct a miRNA and TF regulatory network specifically for AML (Fig. 3) , which might provide important insights into the pathogenesis of AML. Moreover, we found that some miRNA→gene and TF→miRNA regulatory relationships in our network have been experimentally verified in previous studies. For further network functional evaluation, GO category and KEGG pathway annotation were applied to analyze the network node pool (Fig. 4 and Table VI ). Among 33 enriched pathways, the AML pathway was the most significant (Table VI) , more than half of these pathways were related to hematopoiesis and leukemia development, and eight pathways have been reported to be implicated in AML pathogenesis. These results preliminarily confirmed the reliability of our network.
In the miRNA-TF regulatory network, we identified 22 hub miRNAs and 11 hub TFs. With a large number of nodes linked to them, these hubs have the most influence on the networks overall behavior, which likely play critical regulatory roles in AML. To decipher this massive and complex network, and mine the key regulatory components, we subsequently constructed the subnetworks (Fig. 5 ) from two hub miRNAs (miR-15a-5p and miR-125b-5p) and two hub TFs (MYC and NFKB1) which were well-known regulators in AML. miR-15a-5p plays an important role in myeloid and erythroid differentiation, which was reported as a tumor suppressor in multiple myeloma, chronic lymphocytic leukemia and AML cells (51, 52) . Overexpression of miR-15a-5p significantly inhibited AML cell proliferation by downregulating the WT1 oncogene (51). miR-125b-5p is an oncogenic miRNA, which was highly expressed in AML carrying the t(2;11)(p21;q23) translocation and inhibited myeloid differentiation (12) . Mice overexpressing miR-125b-5p causes a highly aggressive myeloid leukemia related to targeting the gene Lin28A (53) . MYC is a basic transcription factor of the helix-loop-helixleucine zipper family, which is found upregulated in AML and has been shown to block the myeloid cell differentiation (33) . Retroviral transduction of MYC into murine bone marrow cells results in AML development (33, 54) . Similarly, sustained expression of a human MYC transgene culminated in the formation of AML in mice (33) . NFKB1 is a transcription factor that is constitutively activated in primitive human AML cells, while inhibition of NFKB1 displayed a rapid induction of apoptosis in AML cells (32, 55) . After analyzing the topology of subnetwork, we found that TCF3 was a potential key regulator in our network due to its direct linking to all the four hubs in the subnetworks (Fig. 5) , which may establish cross-talk among these subnetworks. In particular, TCF3 was predicted to regulate 17 target genes which have been involved in AML pathway in the four subnetworks. As a member of the TCF/LEF transcription factor family, TCF3 is essential for development, lymphopoiesis and stem cell function (44,56). Emerging evidence suggests that TCF3 is involved in the pathogenesis of several types of human cancer including colorectal cancer, prostate cancer and breast cancer (57) (58) (59) . Furthermore, the t(1;19) translocation between TCF3 and PBX1 genes causes expression of a TCF3-PBX1 fusion protein, and has been identified in B-cell acute lymphoblastic leukemia (B-ALL), which established a potential relationship between TCF3 and the etiology of B-ALL (44). However, the exact molecular mechanism of TCF3 as it relates to AML occurrence and development is still unknown.
In the subnetworks, TCF3 was potentially targeted by miR-15a-5p, Myc and NFKB1, and also targeting miR-125b-5p, MYC, ERG and PIM1 (Fig. 5) . ERG is a megakaryocytic oncogene, which is required for normal megakaryopoiesis and play crucial role in establishing definitive hematopoiesis (60) . A high expression level of ERG in AML is associated with poor prognosis (61) . Transgenic expression of the human ERG causes early progenitor myeloid leukemia in mice similar to human AML, which was mediated by inducing the expression of the oncogenic kinase PIM1 through binding to a novel 3' enhancer (62) . PIM1 is a constitutively active serine/threonine protein kinase that normally functions in the proliferation and survival of hematopoietic cells in response to cytokines and growth factors (63) . Overexpression of PIM1 has been detected in a range of solid cancers and hematologic malignancies (64) . In AML, PIM1 has been suggested to have important roles in cell proliferation, survival, homing and migration, and the prognostic relevance of PIM1 upregulation was also observed in high ERG-expressing AML by the significantly decreased survival of these patients (62) . In addition, ERG was the predicted target of Myc, NFKB1 and TcF3, while PIM1 was predicted to be regulated by miR-15a-5p, MYC and TCF3 in our subnetworks (Fig. 5) . The above discussion led us to present a model of the involvement of TCF3 and the four hub nodes in subnetworks within AML (Fig. 6) . According to the literature surveys and our subnetwork analysis, we propose that TCF3 is a potential key regulator in the miRNA-TF regulatory network linked to AML, which may play its regulatory role via miR-15a-5p, miR-125b-5p, Myc, NFKB1, ERG or pIM1.
In summary, this is the first study that describes the global expression profiling of miRNAs and TFs relating to AML using miRNA sequencing and TF array technology, respectively. Applying systems biology approaches to integrate the experimental data to multiple types of computational prediction on gene regulation, we constructed a miRNA-TF regulatory network specifically for AML, which may provide some hub regulators and clues for exploring the molecular mechanisms of AML. Furthermore, the present study also provides potential therapeutic targets for AML and proposes directions for further experimental research.
